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Free cadmium activity in renal epithelial cells is enhanced by
Mg2 depletion
GARY A. QUAMME
Department of Medicine, University of British Columbia, University Hospital, Vancouver, British Columbia, Canada
Free cadmium activity in renal epithelial cells is enhanced by Mg2
depletion. Free Cd2 uptake was determined by fluorescence tech-
niques with the use of mag-fura-2 in single epithelial MDCK cells.
Cytosolic Cd2 increased in a time-dependent and concentration-de-
pendent manner following the addition of cadmium to the external
solution. The increment in cytosolic Cd2 was greater in magnesium-
depleted cells relative to normal cells. Uptake in normal and magne-
sium-depleted cells was inhibited by the channel antagonist, verapamil,
and increased with the agonist, Bay K 8644. These studies indicate that
free Cd2 may exist in the cell cytosol and Cd2 uptake is greater
following magnesium-depletion. These data support the notion that
magnesium may provide a cytoprotective effect in cadmium toxicity.
Cadmium toxicity is increasing in importance as an environ-
mental pollutant due to its increased use in industry. Chronic
exposure to cadmium leads to accumulation of cadmium in the
kidney which in turn results in abnormalities of glomerular and
of tubular origin including proteinuria, glucosuria, aminoacid-
uria, and tubular acidosis [1—3]. Cadmium has also been found
to be carcinogenic, mutagenic, and teratogenic [1, 41. Initiation
of these effects requires intracellular accumulation of cadmium;
accordingly, it is important to understand the nature of cellular
uptake of cadmium into cells.
Cadmium is taken up by eukaryotic cells across the plasma
membrane and subsequently initiates a series of intracellular
toxic and carcinogenic effects [1, 2]. It is unclear exactly how
Cd2 is taken up but it could permeate the plasma membrane by
a number of different mechanisms. First, Cd2 may passively
diffuse across the lipid bilayer of the plasma membrane. Sec-
ond, Cd2 may bind to the surface proteins and then be
internalized by some mechanism possibly endocytosis as pos-
tulated by Foulkes [1, 5]. Alternatively, cadmium may pass
through cationic channels such as the voltage-dependent Ca2
channel. In a pituitary cell line, GH4C1, Cd2 uptake and
toxicity was mitigated by the calcium channel antagonists,
nifedipine, verapamil, and diltiazem [6] lending credence to the
notion that Cd2 may enter through voltage-sensitive Ca2*
channels. However, patch-clamp studies with most other cells
have demonstrated that Cd2 blocks voltage-dependent Ca2
channels and is not conducted across the membrane [7].
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Regardless of the entry pathway, it is clear that Cd2 must
rapidly permeate the cell to initiate its toxic effects.
Recently, we have identified entry pathways for Mg2,
possibly Mg2 channels, in various cell types [8, 9]. These
appear to be inhibited by a number of divalent and trivalent
metals including Mn2, Ni2, Co2, La3, Gd3, but not Cd2.
However, it became evident to us that although Cd2 may not
be a blocker of these specific Mg2 pathways, it may enter and
cross the plasma membrane through these pathways. Accord-
ingly, this series of experiments was designed to investigate the
interaction of Cd2 with the Mg2 entry pathway. This study
indicates that Cd2 may cross the plasma membrane through
the Mg2 entry pathway and this may have significant reper-
cussions in the action of Cd2 in various cells types possessing
these pathways.
The fluorescent dyes, fura-2 and mag-fura-2, have been used
extensively to monitor intracellular Ca2 and Mg2 changes,
respectively [10, Il]. However, these fluorescent probes also
bind other divalent cations resulting in fluorescent changes
which make them useful in the determination of metals such as
La3, Ba2, Mn2, Pb2, etc. [12—16]. Accordingly, rapid
changes in metal concentrations may be measured with a high
degree of sensitivity. We have taken advantage of this approach
to determine the rapid uptake of free Cd2 into epithelial cells.
These studies demonstrate that Cd2 is rapidly transported into
the MDCK cell and uptake is enhanced in Mg2-dep1eted cells.
Methods
Materials
Dulbecco's minimal essential medium (DMEM) and Ham's
F-12 media were purchased from GIBCO (Grand Island, New
York, USA). Fetal calf serum was from Flow Laboratories
(McLean, Virginia, USA). Mag-fura-2/AM was obtained from
Molecular Probes (Eugene, Oregon, USA), 45Ca, 55 Ci/g, and
'°9Cd, 1.96 Ci/g, and were purchased from ICN (Biochemicals
Inc. Costa Mesa, California, USA) and New England Nuclear
(DuPont Canada, lnc), respectively. All other materials were
from Sigma (St. Louis, Missouri, USA).
Cell culture
In a previous study we provided evidence in MDCK cells for
specific Mg2 entry pathways which do not transport calcium
[81. Mg2 entry is greatly increased in magnesium-depleted
MDCK cells compared to those cultured in media containing
normal amounts of magnesium (0.6mM). We used MDCK cells
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in the present study to determine the effect of these maneuvers
on Cd2 uptake.
MDCK cells were cultured in DMEM/Ham's F-12, 1:1, media
supplemented with 10% fetal calf serum, 1 mM glucose, 5 mM
L-glutamine, 50 U/mI penicillin, and 50 g/ml streptomycin in a
humidified environment of 5% C02-95%air at 37°C. Confluent
MDCK cell monolayers developed a spontaneous transepithe-
hal voltage of 3 to 10 mV when cultured on filters; accordingly,
these cells form tight junctions and resemble cells originating
from the distal tubule [171. For the fluorescent studies, conflu-
ent cells were washed three times with phosphate-buffered
saline (PBS) containing 5 mrvi ethyleneglycol-bis (f3-aminoethyl
ether) N,N,N',N'-tetraacetic acid (EGTA), trypsinized, and
seeded on glass coverslips. Aliquots of harvested cells were
allowed to settle onto sterile glass coverslips in 100 mm Corning
tissue culture dishes, and the cells were grown to confluence
over five to six days in supplemented media as described above.
The normal media contained 0.6 m total magnesium and 1.0
m calcium, In some experiments, the cells were cultured in
Mg21-free media (<0.01 mM) for 16 to 20 hours before study.
Other constituents of the Mg2-free media were similar to the
complete media.
Determination of cytosolic free Mg2 and Cd
Isolated MDCK cells were loaded with 5 ,LLM mag-fura-2/AM
according to previously described techniques [8]. The fluores-
cent dye, dissolved in dimethylsulfoxide (DMSO), was added
directly to the medium, incubated for 20 minutes at 23°C. The
final concentration of DMSO in the incubation medium did not
exceed 0.2%. Loaded cells were washed two times with a
buffered salt solution (in mM): NaCI, 145; KCI, 4.0; CaCI2, 1.0;
Na2HPO4, 0.8; KH2PO4, 0.2; glucose, 18; HEPES-Tris, 20: pH
7.4 and either 0.6 mM MgCl2 (normal cells) or 0 mM MgCI2
(magnesium-depleted cells). The cells were incubated a further
20 minutes to ensure complete de-esterification and finally
washed once with fresh buffer solution. CdCI2 was added from
stock solutions to yield various concentrations as given in
legends to Figures. Cover glasses, with cells loaded with
mag-fura-2, were mounted in a chamber containing 0.5 ml buffer
placed on the mechanical stage of a Nikon Diaphot inverted
microscope. Unless otherwise stated, the buffer solution con-
tained (in mM): NaCl, 145; KCI, 4.0; CaCl2, 0.01; Na2HPO4,
0.8; KH2PO4, 0.2; glucose, 18; HEPES-Tris, 20, pH 7.4. The
fluorescence signal was monitored at 510 nm with excitation
wavelengths alternating between 340 and 385 nm for mag-fura-2
using a Deltascan spectrofluorometer, Photon Technologies
Inc. The intracellular free magnesium concentration [Mg2j1
was calculated by Grynkiewicz et al with a K0 of 1.45 m after
correction for fluorescence from extracellular mag-fura-2 and
autofluorescence according to methods described by Gryn-
kiewicz, Peonie and Tsien [10]. For the calculation of [Mg2]
we defined the maximum (Rmax) and minimum (Rmin) fluores-
cence ratios as the ratios of the fluorescence at 340 and 385 nm
measured in cells incubated in the above solution containing 50
ifiM MgCI2 and 10 M digitonin and those in cells incubated in
the above buffer solution containing no Mg2, 10 xM digitonin,
and 50 mrvi EDTA (pH 8), respectively. For measurement of
Cd2, the procedure was similar to Mg2 with the following
exceptions. MDCK cells, on glass coverslips, were loaded with
mag-fura-2/AM (5 M) in the above media for 20 minutes at
23°C, After loading, the cells were washed twice as above, and
kept at room temperature until cytosolic Cd2 was measured.
Free Cd2 values were monitored through the fluorescent
signals of mag-fura-2 at excitation wavelengths of 340 nm and
385 nm. Cells were permeabilized with 30 iM digitonin in the
presence of (in mM): 50 EDTA, 20 EGTA, and 20 Tris buffer at
pH 8.5 to determine Rmj values. Maximal fluorescence (Rax)
of the Cd2 mag-fura-2 complex was determined with 10 mM
CdCI2. Free Cd2 was determined as previously described [10,
16] using a K0 of 550 flM for the Cd2-mag-fura-2 complex
(Results). In all experiments involving Cd2 determination,
single traces are shown but similar results were obtained in at
least three separate experiments from independent cell prepa-
rations.
Representative tracings of fluorescent intensity ratios were
smoothed according to the method of Savitsky and Golay [18].
All results are expressed as mean SE. Where indicated
statistical significance was assessed with Student's 1-test and a
probability of P < 0.05 was taken to be statistically significant.
'°9Cd and 45Ca uptake measurements
'°9Cd and 45Ca uptakes were performed by methods similar
to those previously described [6, 19]. Except where indicated,
incubations were routinely performed at five minutes with
transport solution containing (in mM): NaCI, 145; KCI, 4.0;
Na2HPO4, 1.0; glucose, 18; HEPES-Tris, 20; pH 7.4 and
w9CdCl2, 0.05; or 45CaC12, 0,05. Incubations were terminated
by rapid aspiration of the transport solution and addition of
ice-cold stop solution. The cells were then washed three times
with stop solution consisting of (in mM): NaCl, 145; KCI, 4.0;
CaCI2, 0.1; HEPES-TRIS, 10; EDTA, 5; EGTA, 5; pH 8.5,and
solubilized in 0.5% Triton X-l00 for one hour. '°9Cd or 45Ca
uptake by the cells was measured by liquid scintillation on 200
d of extract solution. '°9Cd and 45Ca uptake was normalized
according to total protein content of the cell monolayer as
determined by the method of Lowry et al using bovine serum
albumin as standards.
Results
Fluorescence characteristics of mag-fura'-2 in response to
Cd2 concentrations
Figure 1 illustrates the fluorescent response of mag-fura-2 to
Cd2. Excitation spectra were obtained from a high potassium
buffer solution. All recordings were performed at 21°C through
the inverted microscope using a bath volume of 0.5 ml. Emis-
sion intensity was recorded at 510 nm following excitation at the
various wavelengths. For each Cd2 concentration, 340/385 nm
ratio of fluorescence (R) and fluorescence at 352 nm (F) were
measured and mag-fura-2 bound/mag-fura-2 free calculated
using the formulas (RRmlfl)Sf2/(RmflxCdR)Sb2Cd and (FFm;n)/
(FmaF). Minimum ratio of fluorescence (Rmjn), minimum
fluorescence at 352 nm (Fmj), maximum ratio of fluorescence
(Rmaxc), and maximum fluorescence at 352 nm (Fmax) were
measured when no Cd2 was added (minimum values) and at
saturating Cd2 concentration (maximum values). Sf2/Sb2cd is
the ratio between proportional coefficients at 385 nm of free
mag-fura-2 and the Cd2 mag-fura-2 complex. A Hill plot of
fluorescence ratios yields a straight line indicating a 1:1 stoichi-
ometry of Cd2 with mag-fura-2. The apparent dissociation
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Fig. 1. Excitation spectra of Cd2 * mag-fura-
2 complex with cadmium concentrations.
Excitation spectra was obtained with buffer
solutions (in mM: KCI, 115; NaCl 20; MgCI2,
0.5; CaCI2, i0; EGTA, 0.95; HEPES/Tris,
pH 7.05) containing 1.0 sM mag-fura-2.
Emission intensity was determined at 510 nm.
Appropriate amounts of CdCI2 were added
from stock solutions to provide final Cd2*
concentrations of 0, 0.1, 1.0, 10, 100, 250,
500, 750 nM and I, 5, 10, 100, 1000, 10,000
ILM. Cd2 concentrations in the range of 100
PM—I /LM were calculated [201 from reported
stability constants [211. Inset: Hill plot
consisting of [log (mag-fura-2 bound/mag-fura-
2 free) is log [Cd2] where log (mag-fura-2
bound/mag-fura-2 free) log [(R — Rmn)Sf2/
(Rfl,Xcd — R)Sb2cd] and R is the 345/380 ratio
of fluorescence. The apparent dissociation
constant for the Cd2-mag-fura-2 complex
(calculated from the y-intercept value)
obtained in this experiment was 502 nM.
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Fig. 2. Selectivity of mag-fura-2 for Cd2,
Mg2, and Ca2. Symbols are: (A) CdCI,, (t)
CdCl2 + MgCl2 + CaCl2, (•) CaCI2, (•)
MgSO4. One micromole mag-fura-2 was
suspended in buffer; KCI, 100 mM; NaCI, 25
mM; Hepes-Tris, 10 mM; K2H2 EGTA, 1 mM;
pH 7.10 in a chamber mounted on a glass
coverslip. The emission was collected at 510
nm. CdCI2, Mg504, or buffered CaCl2 was
added in appropriate amounts to obtain the
given "Cd2," Mg2 or Ca2 concentrations.
Sf/b is fluorescence intensity at 0 Cd2, 0
__________________________________________
Mg2, or 0 Ca2* relative to that with maximal
Cd2, Mg2 or Ca2, respectively, adjusted
100 1 LM 10 100 1 mM 10 100 for background [10]. The 340/385 excitation
ratio is compared in the presence of Cd2,
Cation concentration Mg2, or Ca2.
constant (KD) of the Cd2 mag-fura-2 complex was calculated
as the concentration of Cd2 required for half-maximal (50% of
maximum-minimum) fluorescence response. This was 550 19
nM at pH 7.10 and 21°C in these experiments.
In order to determine absolute free cadmium concentrations,
[Cd2], in intact cells, the fluorescence changes must be as-
sessed in the presence of millimolar concentrations of Mg2 and
nanomolar concentrations of Ca2 [16]. Figure 1 summarizes
the 340/385 ratio in response to Cd2* in the presence and
absence of 100 flM Ca2 and 0.5 mrvi Mg2. Ca2 in the range of
50 to 500 flM did not appreciably alter Cd2 . mag-fura-2 fluo-
rescence. Figure 2 summarizes the 340/385 fluorescence ratio of
mag-fura-2 in the presence of CdSO4 or CaCI2 or MgSO4. The
dissociation constant, KD, of mag-fura-2 for Ca2 is 63 LM and
for Mg2 is 1.45 mrvi [91. As previously reported, mag-fura-2 is
useful to measure rnillimolar intracellular concentrations of
Mg2 as long as Ca2 remains below about 5 /LM [9]. Mag-fura-2
binds Cd2 to a much greater extent than Ca2 and Mg2;
accordingly, mag-fura-2 is useful to determine free Cd2 con-
centrations particularly in the picomolar-to-nanomolar range.
Cd2 concentration may be determined in the presence of Ca2
and Mg2 using the approach given by Tomsig and Suszkiw for
determination of intracellular Pb2 with fura-2 in the presence
of Ca2 [16]. They formulated the following approach. Cd2
concentration may be calculated as a function of fluorescence
ratios in conditions which resemble those of the intracellular
environment, that is, in a mixture of mag-fura-2 and Mg2,
where Mg2 concentration is set in excess of 0.5 m and most
of mag-fura-2 is free to bind the added Cd2. We have ignored
the presence of Ca2 in this approach because it does not alter
EC0
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mag-fura-2 fluorescence in the concentrations ranging from 50
to 500 nM normally found in cells in contrast to Mg2 which
ranges from 0.2 to 1.0 mi [9]. This assumption is consistent
with the findings of Figure 2.
The 340/385 nm ratio of fluorescence for a mixture of mag-
fura-2, Mg2, and Cd2 is a function of the concentration of the
fluorescent species [free mag-fura-2 (Ff), Mg2 mag-fura-2
complex (FMg), and Cd2 mag-fura-2 complex (Fcd)] times
their proportional coefficients (Sf1, SbIMg and SbIcd for Ff, FMg
and Fcd at 340 nm and Sf2; Sb2M5 and Sb2cd for Ff, FMg and FCd
at 385 nm). On this basis, the difference between the ratio of
fluorescence after the addition of Cd2 (Ra) and the ratio of
fluorescence before the addition of Cd2 (Rb) can be expressed
as follows.
Sf1 Ff + Sb FMg + Sblcd
Sf2 Fi + Sb2Mg FMg + Sb2cd Fi
Sf1 Ff+SbIMgFMg
Sf2 Ff+Sb2Mg FMg
Introduction of Fcd Ff[Cd2i/KDcd and FMg = F1{Mg2]/
KOMg where KDMg is the apparent dissociation constant for the
Mg2 mag-fura-2 complex, substitution of [Mg2j as a func-
tion of the observed ratio of fluorescence before the addition of
Cd2 according to [Mg2] = KDMg(Rb — Rmin)Sf2/(RmaxMg —
Rh)Sb2Mg, and solving for [Cd2J yields Eq. 2.
(Ra — Rb)(RmaxMgRirnn)[Cd2 ] = KDCd (RmaxCd Ra)(RmaxMg — Rb)
Sf2
Sb2cd
Cd uptake into MDCK cells
Figure 3 summarizes the free intracellular [Cd2] in normal
cells following the addition of 0.05, 1.0, and 5.0mM CdSO4 to
the external bathing solution, Similar results were obtained with
either CdSO4 or CdCI2. The free intracellular Cd2 F concentra-
tions were calculated according to equation 2. We ignored the
changes in affinity of mag-fura-2 for Cd2 in the presence of
Mg2 because the dye is much more sensitive to Cd2 than
Mg2 [16]. It was also assumed that [Ca2]1 did not exceed I pi
in the present studies [6, 22]. The latter was confirmed in
separate experiments (data not shown). Cd2 uptake in MDCK
cells was rapid and dependent on the external Cd2 concentra-
tion (Fig. 3). These data are consistent with the notion that
Cd2 may exist in the ionized form in the cell cytosol.
Cd2 uptake is enhanced in magnesium-depleted MDCK cells
Cells cultured in low magnesium media for 16 hours possess
significantly lower intracellular [Mg2] compared to normal
cells (0.275 0.01, N = 125 vs. 0.46 0.02 mM, N 15) [8].
Addition of CdSO4 to the bathing solution resulted in time-
dependent uptake of Cd2 which was markedly greater in
magnesium-depleted cells compared to normal cells (Fig. 3).
Fluorescence studies of normal and magnesium-depleted cells
were performed in the absence of external magnesium; we have
shown that [Mg2]1 and Mg2 entry does not change in normal
cells bathed in zero magnesium solution within the time-frame
used here, 10 to 20 minutes [23]. A number of comments
concerning Cd2 uptake in normal and magnesium-depleted
cells deserve mention. First, [Cd2], does not immediately
increase following addition of cadmium to the bath. This
probably reflects initial rapid binding of Cd2 to the external
and internal membrane surfaces priol to entry into the cytosol
[5]. Second, the increment in [Cd2] increases with time (note
the log scale). This may be due to the presence of high affinity
binding sites which are progressively saturated with Cd2
entry. Alternatively, increases in [Cd2]1 may result in alloste-
nc changes leading to decreased binding.
Inhibition of Cd2 uptake by verapamil
In a previous report we provided evidence for unique Mg2
entry pathways which are activated in magnesium-depleted
cells [9]. These Mg2 pathways were distinct from Ca2 chan-
nels but were inhibited by the commonly used blockers such as
(l verapamil, nicardipine, and diltiazem [9, 23]. Accordingly, we
used these blockers to determine if the elevation of [Cd2]1 was
due to greater entry or diminished intracellular binding. Vera-
pamil significantly decreased Cd2 uptake lending credence to
the notion that there is greater Cd2 entry in magnesium-
depleted cells rather than, or in addition to, diminished intra-
cellular Cd2 binding (Fig. 3). In support of this interpretation,
we performed studies with Bay K 8644, an agonist of voltage-
sensitive Ca2 channels. We have shown that this agent also
increased the opening-time of the Mg2 entry pathway [8]. Bay
K 8644 leads to enhanced uptake of Cd2 into normal and
magnesium-depleted cells (Fig. 4). These observations suggest
that Cd2 enters the cell through pathways which are sensitive
(2) to the commonly used channel agonists and antagonists [23].
Effect of magnesium depletion on '°9Cd and 45Ca uptake
To confirm the contention that the fluorescent dye, mag-
fura-2, was monitoring Cd2 uptake into the cell, we performed
radiotracer studies to directly measure cadmium influx. Figure
5 summarizes these data. '°9Cd uptake was in the order of 10
nmol mg protein in normal cells. Assuming an intracellular
water volume of 0.5 p1/cell, the rate of total uptake (binding plus
transport) is very much larger than the free Cd2 appearing in
the cytosol (Fig. 3). The majority of cadmium is not in the free
form but bound to surface and cytosolic proteins [5]. '°9Cd
uptake was greater in magnesium-depleted MDCK cells com-
pared to normal cells (Fig. 5). By contrast, 45Ca uptake was
similar in the two conditions suggesting that the enhanced
cadmium accumulation was not associated with changes in
calcium entry pathways.
Discussion
Use of'mag-fura-2 to measure [Cd2 7I
Mag-fura-2, like calcium fura-2, binds heavy metals with high
affinity producing either quenched or enhanced fluorescence
[10]. The apparent K0 of Cd2 for mag-fura-2 is normally in the
order of 550 nM; accordingly, it is useful to measure submicro-
molar concentrations of Cd2. Mag-fura-2 may be used to
quantitate [Cd2] in the range between 10 flM to 5 LM with little
interference from Ca2 (K0 for Ca2 mag-fura-2 is 63 >( 10
/LM) as long as Ca2 remains in the range of 100 to 1000 n (Fig.
Ra - Rb =
+0
0
-J
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Fig. 3. Time dependent uptake of Cd2 in
MDCK cells and the effects of Mg depletion
and verapamil. Cd2 uptake, assessed by
mag-fura-2, was determined in MDCK cells
cultured in normal (containing 0.6 m total
magnesium) or low-magnesium media
(containing <0.01 m magnesium) for 16
hours prior to study. The bathing solution
consisted (in mM): NaCl, 145; KCI, 4.0;
CaCl2, 0.01; Na2HPO4, 1.0; glucose, 18;
HEPES-Tris, 20; pH 7.4. Cd2 was added
from stock solutions to provide final total
concentrations of: panel A, 50 tM; panel B,
1.0 mM; or panel C, 5.0 m. Where indicated
verapamil, 50 /LM, was added prior to the
addition of Cd2. Tracings are single
representative experiments of 3 to 8 different
preparations.
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2). However, as [Mg2] is 0.5 m, about half of intracellular
mag-fura-2 is in the bound form, Mg2 mag-fura-2 complex.
As the apparent dissociation constant of Cd to mag-fura-2 is
about 106-fold higher than Mg2 for mag-fura-2, Cd2 displaces
Mg2 from the complex in addition to binding to the free
Fig. 4. Effect of Bay K 8644 on Cd2 uptake
into MDCK cells. Bay K 8644, 50 M, was
added to the external buffer solution. [Cd2j1
was determined by methods detailed in the
text with CdSO4, I msi in the external buffer
solution. Tracing is representative of three
different studies.
mag-fura-2 to form Cd2 mag-fura-2. Thus, in order to quan-
titate Cd2 in the presence of Mg2, we used the approach
described by Tomsig and Suszkiw 116]. This allowed us to
quantitate [Cd211 in epithelial cells. The fluorescent changes
observed here were consistent with the interaction of Cd2 with
mag-fura-2 to form Cd2 mag-fura-2 complex. Accordingly,
the fluorescent changes indicate that free Cd2 accumulates in
the cell cytosol in addition to binding to membranes and
intracellular ligands [1, 5], This has not previously been re-
ported.
Cd24 entry into MDCK cells
It is likely that Cd2 enters the cell by a number of different
routes [5, 24]. Although its has often been written that Cd21
may diffuse across plasma membranes into the cell, this route is
not likely to occur because of the hydrophilic nature of Cd2
and the high binding of Cd2 to serum and cell proteins. There
is good evidence that Cd2, as well as some of the other heavy
metals, may be taken up by a two-step process; first, binding to
the surface membrane to high affinity receptor sites; second,
internalization of bound cadmium by temperature-sensitive
processes [1, 19]. It is not known whether these surface ligands
are specific to Cd2 but it is clear that other multivalent cations
such as Fe, Ni2, Cu2, Ca2, Zn2, Pb2, Cr3, Sr2,
La3, and Mg2 may antagonize binding and uptake in some
manner [1, 19, 25]. Surface binding and internalization appear
to be a relatively slow process requiring minutes-to-hours for
significant accumulation [1, 19, 251. The evidence presented
here and elsewhere suggest an alternate entry pathway, at least
in some cell-types [6, 261. Cadmium may enter through partial-
ly-selective channels in the plasma membrane. Previous studies
have shown that Cd2 and some other heavy metals may be
rapidly accumulated, within seconds-minutes, through dihydro-
pyridine-sensitive channels [61. We provide data here to sup-
port the notion that Cd2 may enter through the Mg2 pathway,
in MDCK cells. We also suggest that magnesium-depletion
which enhances Mg2 entry may also lead to a greater accu-
mulation of Cd2, thus predisposing magnesium-depleted cells
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Fig. 5. Stimulation of net '°9Cd and 45Ca uptake into magnesium-
depleted MDCK cells. MDCK cells were grown to confluence (5 to 6
days) in DMEM/HAM's F12 containing 0.6 m magnesium. Monolay-
ers were th-n cultured in normal (0.6 mM) or low magnesium (<0.01
mM) media for 16 hours prior to study. '°9Cd and 45Ca uptake were
determined with 50 M over5 minutes. lncubations were terminated by
rapid aspiration of the transport solution and addition of ice-cold stop
solution. Cells were solubilized in 0,5% Triton X-l00 and '°9Cd and
45Ca were quantitated on the extraction solution.
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to cadmium toxicity. These data indicate that a number of
mechanisms for Cd2 uptake may occur and may account for
the differential toxicity of cadmium in different cells and tissues
[1, 191. These studies also have practical ramifications on
electrophysiological studies which use cadmium as a Ca2
channel blocker [7]. The present approach could be used to
determine Cd2 entry in these electrophysiological studies.
From studies performed on intact intestinal tissue, Foulkes
postulated that cadmium enters epithelial cells in a two-step
process [1, 5]. First, cadmium binds to the cell membrane
followed by internalization through an endocytotic process.
Surface binding may be removed by EDTA chelation whereas
the EDTA-resistant fraction is internalized. The binding pro-
cess is rapid, saturable and remains constant over 18 hours.
These authors further showed that most of the '°9Cd taken up
by intestinal brush-border membrane vesicles is through bind-
ing to EDTA-sensitive and EDTA-resistant sites [27]. These
uptake determinations were performed in the same time frame
as the present studies. However, it is not evident from the
studies of Bevan and Foulkes whether cadmium entered the
brush-border membrane vesicles in the free form, Cd2, or that
uptake was fully accountable by membrane binding. Internal-
ization through an endocytotoic process would not be expected
to occur in isolated membrane vesicles. Templeton studied the
uptake of '°9Cd into intact rat glomerular mesangial cells and
LLC-PK1 cells over a much longer time-frame, 2 to 30 hours
[19]. Both mesangial cells and proximal tubular epithelial cells
accumulated Cd2 but apparently in somewhat different fash-
ions. Cadmium uptake into mesangial cells was saturable and
resolved into EDTA-sensitive and EDTA-insensitive fractions
whereas uptake into LLC-PK1 cells was not rate-limiting and
most of the bound cadmium was released with EDTA chelation.
Cadmium was not inhibited by verapamil in either cell type.
These studies are consistent with the observation of Hinkle et al
in LLC-PK, cells using cytotoxicity as a reflection of cadmium
accumulation [6]. Both studies measured cadmium uptake over
a relatively long duration of 2 to 24 hours and both assessed
total accumulation as reflected by '°9Cd uptake and cytotoxic-
ity, respectively. These studies are consistent with another
investigation reporting cadmium accumulation in Chinese ham-
ster ovary cells. The present studies indicate that cadmium may
enter MDCK cells very rapidly and in the free form in addition
to internalization by other means [5, 231.
Our findings that cadmium is able to cross plasma membranes
very rapidly and in the free form may explain a number of
effects of extracellular cadmium. A number of studies in various
cell types have shown that externally applied cadmium results
in rapid mobilization of intracellular Ca2 [22, 28, 29]. Smith et
al have reported that cadmium invokes inositol polyphosphate
generation and mobilizes intracellular Ca2 in a number of cell
types including human skin fibroblasts, umbilical artery muscle,
endothelial, and neuroblastoma cells [29]. Extracellular cad-
mium rapidly stimulated Ca2 transients within 60 seconds as
determined with fura-2. We would support their contention that
the observed Cd2-induced Ca2 transient was not due to Cd2
interacting with fura-2 but due to signal transduction mecha-
nisms as the external cadmium concentrations were low and the
effects more rapid than the present observations. Using the
cell-permeant TPEN, a heavy metal chelator, to prevent intra-
cellular free Cd2 release, Smith et al suggested that Cd2 acts
on an extracellular site possibly through a receptor of some sort
[28]. We would like to suggest that Cd2 may have rapidly
moved across the plasma membrane and directly triggered the
generation of inositol phosphate by pathways described in the
present manuscript. Accordingly, surface receptors from Cd2
are not required. Further studies are required to clarify this
point.
A second study has also shown rapid actions of cadmium on
cell function [22]. Jungwirth, Paulmichl and Lang showed that
the addition of cadmium leads to rapid, sustained and reversible
increase in potassium conductance of cultured MDCK cells.
Hyperpolarization of the plasma membrane was associated with
an increase in intracellular Ca2 leading these authors to
conclude that Cd2 altered K channels through mobilization
of Ca2. Again it is not likely that increments were a result of
Cd2 interacting with fura-2 in this report [22] as the signals
were of a transient nature. It is unknown at this time if these
actions are through receptor-mediated responses or direct ac-
tion of internal Cd2 on calcium mobilization.
Our studies suggest that changes in Cd2 uptake may play an
important role in the increased sensitivity to cadmium cytotox-
icity in magnesium-depleted cells. We have shown previously
that MDCK cells cultured in magnesium-deficient growth media
result in a decrease in [Mg2]1 which is associated with an
increase in the activity of Mg2 entry pathways [8]. Our
evidence indicates these entry pathways are similar to voltage-
sensitive Ca2 channels but distinct from them in their cation
selectivity. The Mg2 entry pathway allows Mg2, and appar-
ently Cd2, but does not transport Ca2 or its close analogue
Sr2 [9]. However, there is some homology to Ca2 channels as
verapamil and diltiazem inhibit both Mg2 entry as well as Ca2
channel activity. Our thesis is that magnesium-depletion in-
creases the number or activity of these Mg2 entry pathways.
As Cd2 is also conducted across these pathways, Cd2 uptake
may be enhanced in magnesium-depletion leading to greater
cellular Cd2 accumulation and enhanced cytotoxicity. Further
studies are required to substantiate these notions.
Our evidence indicates that Cd2 does not enter the MDCK
cell via Ca2 channels. Cd2 is a potent calcium channel
blocker but does not normally cross the membrane as measured
by electrophysiological studies [7, 14, 30, 31]. Moreover, mag-
nesium-depletion is selective as it induces greater Mg2 uptake
not higher Ca2 transport rates [9]. Accordingly, we postulate
that Cd2 enters through the Mg2 entry pathway. Hinkle,
Kinsella and Osterhoudt reported that Cd2 may be taken up
into a pituitary cell line, namely GH4C1, through voltage-
sensitive calcium channels [6], Their evidence was based on the
fact that nimodipine, a dihydropyridine antagonist of voltage-
sensitive calcium channels protected cells from cadmium tox-
icity and inhibited '°9Cd2 accumulation. The same authors,
however, could not demonstrate similar nimodipine-inhibitable
Cd2 uptake in mouse neuroblastoma or pig kidney, LLCPKI
cell lines [10]. Cd2 toxicity and '°9Cd2 uptake were similar in
these neural and renal cell lines as the pituitary cells, GH4C1,
but uptake in the former cells were not inhibited by calcium
channel blockers nor increased with the agonist, Bay K 8644.
These authors conclude that there are major differences among
the cell types. Our observations support these conclusions and
indicate that Cd2 may enter cells by heretofore undefined
pathways, namely Mg2 pathways in MDCK cells. Cadmium
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may enter by different means and entry may be different from
one cell type to another [19, 32].
Heavy metals, such as cadmium and lead, may be taken up
by cells through a number of different pathways [6, 26].
Increasing evidence shows that heavy metal uptake may be via
a number of partially selective channels which are inhibited by
the three different commonly used channel blockers: dihydro-
pyridines, verapamil, and diltiazem. The ability of these agents
to protect the cell relies on whether there are channels present
in any given cell type and if they can be blocked by these drugs.
It has become evident that Ca2 channels and perhaps Mg2
pathways have somewhat different properties from one cell
type to another [8, 9, 30]. Nevertheless, the blockers may be
clinically useful, at least in the acute phase, in preventing
cadmium uptake and mitigating the toxic effects on the renal
cell.
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